To analyze the physiological function of PEX10, we used transgenic AtPEX10i Arabidopsis plants that had suppressed expression of the PEX10 gene due to RNA interference. AtPEX10i plants had patches of paleness on leaves, and abnormal fl oral organs that were typical of cuticular wax-defi cient mutants. Quantitative analysis of cuticular wax revealed that the amount of wax in AtPEX10i plants was indeed lower than that in control plants. This result was confi rmed by toluidine blue staining and scanning electron microscopic analysis of AtPEX10i. The CER1 , CER4 , WAX2 and SHN1 genes are known to be responsible for wax biosynthesis in Arabidopsis. Of these, CER1 , CER4 and WAX2 were found to be localized on the endoplasmic reticulum (ER). In AtPEX10i plants, the expression of these genes was downregulated, and CER1, CER4 and WAX2 were mislocalized to the cytosol. We also found that AtPEX10i plants had defects in ER morphology. Based on these results, we propose that PEX10 is essential for the maintenance of ER morphology and for the expression of CER1 , CER4 , WAX 2 and SHN1 genes, which contribute to the biosynthesis of cuticular wax.
Introduction
The peroxisome ubiquitously exists in eukaryotic cells. In higher plant cells, at least three types of peroxisome exist, namely glyoxysomes, leaf peroxisomes and non-specialized peroxisomes ( Beevers 1979 ) . In oil seed tissues, peroxisomes work as glyoxysomes for converting storage lipids to sucrose to provide energy during germination. After germination, green cotyledons and leaves begin to produce energy by photosynthesis. Then, glyoxysomes transform into leaf peroxisomes, which play a role in photorespiration ( Beevers 1979 , Gietl 1996 , Olsen 1998 . In contrast, leaf peroxisomes convert back into glyoxysomes when green cotyledons begin to senesce ( De Bellis and Nishimura 1991 ) . Recent transcriptome analysis of peroxisomal genes revealed that peroxisomes have more diverse functions and can be classifi ed into at least fi ve different types, i.e. glyoxysomes, leaf peroxisomes, root peroxisomes, cotyledonary peroxisomes and non-specialized peroxisomes ( Kamada et al. 2003 ) . Recently, it was shown that root peroxisomes play a role in polyamine catabolism ( Kamada-Nobusada et al. 2008 ) . These fi ve types of peroxisome also have common functions, which include lipid metabolism, degeneration of hydrogen peroxide and branched-chain amino acid degradation ( Kamada-Nobusada et al. 2008 ) .
Peroxisomal proteins are encoded in the nucleus. Thus, they are translated on free polysomes in the cytosol, and then post-translationally imported into peroxisomes ( Subramani 1993 , Olsen and Harada 1995 , Baker 1996 . Peroxisomal proteins have a signal, generally termed the peroxisomal targeting signal (PTS), which targets them to peroxisomes. Two types of PTS, namely peroxisomal targeting signal 1 (PTS1) and PTS2,
Suppression of Peroxisome Biogenesis Factor 10 Reduces Cuticular Wax Accumulation by Disrupting the ER Network in Arabidopsis thaliana
have been identifi ed. In Arabidopsis, PTS1 consists of conserved tripeptides, (C/A/S/P)-(H/K/R)-(I/L/M), and is situated at the C-terminus of proteins ( Hayashi et al. 1997 ) . Arabidopsis PTS2 consists of a conserved sequence, (R)-(A/L/Q/I)-X5-(H)-(L/I/F) (X stands for any amino acid), located within the N-terminal presequence of peroxisomal proteins, which is proteolytically processed inside peroxisomes ( Kato et al. 1996 ) .
More than 30 peroxisome biogenesis factors have been identifi ed in several organisms by analysis of mutants that have defects in peroxisome biogenesis. These genes and their gene products have been assigned numbers coupled with the acronym ' PEX ' and 'peroxin', respectively. The functions of these peroxins include peroxisomal matrix protein import, peroxisomal division, peroxisomal proliferation and peroxisomal morphology ( Purdue and Lazarow 2001 , Brown and Baker 2003 , Platta and Erdman 2007 . Twentytwo PEX genes were predicted to exist in the Arabidopsis genome based on bioinformatic analyses ( Mullen et al. 2001 , Charlton and Lopez-Huertas 2002 ) . In previous studies, we reported that knock-down or point mutation of PEX1 , PEX2 , PEX4 , PEX5 , PEX6 , PEX7 , PEX10 , PEX12 , PEX13 or PEX14 inhibits protein transport to the peroxisomes in Arabidopsis ( Hayashi et al. 2005 , Mano et al. 2006 , Nito et al. 2007 ). These results demonstrated that these PEX genes play a pivotal role in the import of peroxisomal matrix proteins.
Among these peroxins, PEX5 and PEX7 bind to PTS1 and PTS2, respectively. They form a cytosolic PTS1-PTS2 receptor complex and capture PTS1-and PTS2-containing proteins (cargo) ( Nito et al. 2002 ) . A yeast two-hybrid analysis revealed that the peroxisomal membrane proteins PEX14 and PEX13 interact with PEX5 and PEX7, respectively, suggesting that PEX13 and PEX14 dock the receptor-cargo complex onto the peroxisomal membrane ( Nito et al. 2002 , Mano et al. 2006 . After releasing its cargo into peroxisomes, PEX5 is then recycled back from the membrane to the cytosol. Zolman and Bartel (2004) suggested that PEX6 is involved in the recycling of PEX5. Moreover, they demonstrated that PEX4, PEX6 and PEX22 play a role in the quality control of peroxisomal matrix proteins and peroxisome remodeling ( Zolman et al. 2005 , Lingard et al. 2009 ). The peroxisomal membrane proteins PEX2, PEX10 and PEX12 have a conserved C3HC4-type RING fi nger motif in the C-terminus, and pex2 , pex10 and pex12 null mutants were embryonic lethal ( Hu et al. 2002 , Schumann et al. 2003 , Sparkes et al. 2003 , Fan et al. 2005 , Mano et al. 2006 . pex10 and pex12 null mutants had aberrant embryos that had distinct defects in the biogenesis of peroxisomes, lipid bodies, protein bodies, plastids and the endoplasmic reticulum (ER). These results suggest that PEX10 and PEX12 are involved in regulating biogenesis not only of the peroxisome, but also of other organelles such as the ER.
To determine the physiological function of PEX10, we analyzed a transgenic Arabidopsis plant, AtPEX10i, in which expression of PEX10 was suppressed by RNA interference. AtPEX10i had distinctive characteristics, such as fused buds and variegated leaves, which are known to be induced by a reduction in cuticular wax accumulation. We demonstrated that cuticular wax formation in AtPEX10i is inhibited by down-regulation of the genes involved in wax biosynthesis and mislocalization of the gene products by disrupting the ER network.
Results

Suppression of PEX10 gene expression correlated with the severity of the AtPEX10i phenotype
We previously established a transgenic plant, AtPEX10i, which had suppressed PEX10 gene expression mediated by RNA interference ( Nito et al. 2007 ). AtPEX10i plants were produced by retransformation of the PEX10 knock-down construct into a transgenic plant (AtGFP-PTS1) that expressed green fl uorescent protein-tagged peroxisomal targeting signal 1 (GFP-PTS1) at its carboxyl terminus, in order to evaluate the activity of peroxisomal protein import within the cells ( Mano et al. 1999 ) . Therefore, we used AtGFP-PTS1 as a control plant in this study. AtPEX10i plants showed pleiotropic traits, such as small plant size and defective peroxisomal protein import, and the production of variegated leaves with pale green sectors and of small siliques that contained few viable seeds. These seeds gave rise to plants of various sizes even if they were corrected from one of the AtPEX10i plants showing such distinctive phenotypes. To reveal the relationship between suppression of PEX10 gene expression and phenotypes of the plants, we classifi ed the progeny into four groups based on plant size ( Fig. 1A ) . The amount of PEX10 mRNA in each group was then measured by quantitative RT-PCR. The plants categorized as group 1 were the smallest ( Fig. 1A , lane 1), with a rosette diameter of <0.5 cm. They did not grow beyond this size. The leaves were tiny and pale green. In cells of group 1 plants, GFP-PTS1 was detected only in the cytosol, indicating that this group of plants had a severe defect in peroxisomal matrix protein import ( Fig. 1B ) . Quantitative PCR revealed that the amount of PEX10 transcript in group 1 plants was reduced to 4.4 % of that in the control plant, AtGFP-PTS1 ( Fig. 1A , lane 1) . Reduction of PEX10 gene expression was identical in all organs examined (data not shown). Plants categorized as groups 2 and 3 had rosettes that were 0.5-1.5 cm and 1.5-2.5 cm in diameter, respectively ( Fig. 1A , lanes 2 and 3) . They could grow slowly, and had variegated leaves with pale green sectors. The pale green sectors were larger in group 2 plants than in group 3 plants. Interestingly, GFP-PTS1 in the cells of the regular green areas of leaves was detected in peroxisomes as punctate GFP fl uorescence ( Fig. 1C , lower left) , while GFP-PTS1 in cells of the pale green sectors was detected in the cytosol ( Fig. 1C , upper right) . Quantitative PCR analysis revealed that the amount of PEX10 transcript in group 2 and 3 plants was reduced to 5.7 % and 9.9 % of wild-type levels, respectively ( Fig. 1A , lanes 2 and 3) . A few plants had rosettes that were similar in size to those of the control. They were categorized as group 4. Although group 4 plants did not have an obvious visible phenotype ( Fig. 1A , compare lanes 4 and 5), quantitative PCR analysis indicated that the amount of PEX10 transcript in group 4 plants was reduced to 27.3 % of wild-type levels. Overall, these results indicated that reduction in up to 10 % of PEX10 transcript induced pleiotropic phenotypes, such as growth defects, decolorization of leaf cells and defects in peroxisomal protein import. Since group 1 plants showed severe growth defects, we chose group 2 plants for further analyses as AtPEX10i.
Floral buds of AtPEX10i were often fused to each other
We found that fl oral buds of AtPEX10i were frequently fused to each other, as shown in Fig. 2B . Most of the buds could not open due to fusion at the end of the sepals. While the pistil grew and developed within these buds, it was bent within the unopened bud ( Fig. 2D , arrowhead) . The anthers did not develop well and remained immature. AtPEX10i had small siliques containing both normal and immature embryos ( Fig. 2F ). To examine whether the fusion between buds was formed by abnormal shoot meristem development, we analyzed fl oral primordia using scanning electron microscopy (SEM). We observed that two buds at different developmental stages ( Fig. 2H , upper left and lower right) were often physically connected to each other ( Fig. 2H , arrowheads) . Therefore, the fusion between buds occurred due to a physical connection that formed during the early stage of bud development. Fusion was also observed between other organs, such as sepals and leaves, leaves and stems, and sepals and stems (data not shown).
AtPEX10i had a defect in cuticular wax formation
The fusion of fl oral organs is typical of cuticular wax-defi cient mutants ( Lolle et al. 1992 , Chen et al. 2003 , Krolikowski et al. 2003 . Toluidine blue is a hydrophilic dye that cannot penetrate cuticular wax and has been shown to stain surface areas of organs where cuticular wax is missing ( Tanaka et al. 2004 ) . As in Fig. 3A , C, E , none of the organs, including the leaves and buds, of control plants ever stained with toluidine blue, suggesting that these plants were entirely covered with cuticular wax. To examine whether AtPEX10i plants had a defect in cuticular wax formation, we stained these plants with toluidine blue ( Fig. 3B, D Fig. 3D , leaves were partially stained with toluidine blue ( Fig. 3D ), indicating that AtPEX10i had a defect in cuticular wax formation. As described earlier, AtPEX10i had variegated leaves. Therefore, the surface of the leaves could be distinguished into green and pale green sectors ( Fig. 3B ). GFP-PTS1 was only detected in the cytosol of cells in pale green sectors ( Fig. 3G ). Light microscopic observation of the toluidine blue-stained leaves revealed that only the pale green sectors were stained with toluidine blue ( Fig. 3H ). It is noteworthy that the cells that could be stained with toluidine blue had a defect in peroxisomal protein import due to the reduction in PEX10 gene expression. Group 1 plants that showed the severest phenotype ( Fig. 1B ) could be stained completely with toluidine blue (data not shown). We also found that areas of fusion between buds and sepals stained with toluidine blue ( Fig. 3F , arrowheads), indicating that these areas were markedly defi cient in cuticular wax.
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AtPEX10i had reduced amounts of cuticular wax and the wax had an immature structure
Some cuticular wax-defi cient mutants have been shown to have stems with glossy surfaces ( Rashotte et al. 2004 ) . We found that the stems of AtPEX10i plants also had a glossy surface, and that cells of the stems had a severe reduction in PEX10 gene expression (data not shown). To examine the cuticular wax structure, we analyzed the surface of the stems using SEM ( Fig. 4 ). In agreement with a previous study ( Suh et al. 2005 ) , control plants had many crystal structures of cuticular wax, which formed vertical rods, longitudinal bundles of rods and horizontal, reticulate plates on the surface of their stems ( Fig. 4A ). By contrast, AtPEX10i plants had remarkably few wax crystals ( Fig. 4B ). These crystals were much smaller than those of control plants. No mature crystals, such as vertical rods and plate structures, were found ( Fig. 4B ). 
Cuticular wax components were altered in AtPEX10i plants
To compare cuticular wax components of AtPEX10i with those of control plants, hexane-soluble cuticular wax was extracted from the buds of these plants. These extracts were then analyzed using gas chromatography (GC) and GC-mass spectrometry (GC-MS). GC-MS analysis revealed that the extracts contained 18 components ( Fig. 5A ). We quantifi ed each component using GC. The total extract prepared from buds of AtPEX10i plants contained 11.64 mg of hexane-soluble cuticular wax per gram of dry weight, which was 79.3 % of that of the control plants ( Fig. 5A ). C29 alkane was the most abundant component (3.0 mg/g DW) of the cuticular wax in control Arabidopsis plants. In AtPEX10i plants, the amount of C29 alkane decreased to 76.7 % (2.3 mg/g DW) of that of the control plants.
In Arabidopsis, C29 alkane is known to be produced from a wax biosynthetic pathway, named the decarbonylation pathway ( Fig. 5B ). In the decarbonylation pathway, C29 alkane is initially produced from C30 fatty acid. C30 fatty acid is catalyzed to produce C30 aldehyde by aldehyde-forming fatty acyl-coenzyme (CoA) reductase, and is then converted into C29 alkane by aldehyde decarbonylase ( Cheesbrough and Kolattukudy 1984 ) ( Fig. 5B ) . The WAX2 gene is predicted to encode the aldehyde-forming fatty acyl-CoA reductase in the decarbonylation pathway ( Kurata et al. 2003 ) . Another wax biosynthetic pathway is Values in the table represent average µg/g DW of hexane-soluble surface wax components, calculated from the corresponding peak areas on gas chromatographs using nonadecanoic acid as an internal standard. Each value is the mean of four independent measurements ± SE. The red values indicate components that accumulated in AtPEX10i. The blue value indicates components that decreased in AtPEX10i. (B) Two metabolic pathways starting from C30 fatty acid. WAX2 catalyzed the conversion of C30 fatty acid into C30 aldehyde, while CER4 catalyzed the conversion of C30 fatty acid into C30 primary alcohol. Each bar in the graph showed the relative amount of a fatty acid (C30), primary alcohol (C30) and aldehyde (C30) as the mean ± SE of four replicates. Gray bars indicated the amount of cuticular wax components in control plants, and red and blue bars indicated the amount of cuticular wax components in AtPex10i plants.
known as the acyl-reduction pathway ( Fig. 5B ). This pathway is also initiated by the reduction of very long chain fatty acids, such as C30 fatty acid, to alcohol by an alcoholforming fatty acyl-CoA reductase, in order to produce even-chained primary alcohols, such as C30 primary alcohol ( Kolattukudy 1971 ) . The CER4 gene is known to encode the alcohol-forming fatty acyl-CoA reductase in the acyl-reduction pathway ( Rowland et al. 2006 ) . The amount of C30 fatty acids produced in the wax biosynthetic pathway increased to 126.0 % of the amount in control plants, whereas levels of C30 aldehyde and C30 primary alcohol were both reduced in AtPEX10i plants to 53.4 % of control plant levels ( Fig. 5A ). These results suggest that the WAX2 and CER4 genes are defective in AtPEX10i plants.
Expression of genes involved in wax biosynthesis was down-regulated in AtPEX10i plants
To identify genes whose expression was altered by suppression of PEX10 gene expression, we performed microarray analysis. We compared the expression of genes in leaf cells of 14-day-old AtPEX10i and control plants. We found that 765 genes were down-regulated less than half in AtPEX10i plants, while 563 genes were up-regulated > 2-fold ( Supplementary  Table 1, Supplementary Table 2 ). The down-regulated genes involved not only PEX10 , but also genes that were found to be related to cuticular wax biosynthesis, e.g. CER4 ( Rowland et al. 2006 ) and SHN1 ( Aharoni et al. 2004 ) genes. SHN1 encodes a transcription factor that activates wax biosynthesis ( Aharoni et al. 2004 , Broun et al. 2004 , Kannangara et al. 2007 ). Quantitative RT-PCR of PEX10 , CER4 and SHN1 in AtPEX10i plants indicated that expression of these genes was indeed decreased by 5.1 % , 12.0 % and 42.2 % , respectively, of the levels in control plants ( Fig. 6 ). Furthermore, we also analyzed the expression of WAX2 and CER1 genes, which are involved in the decarbonylation pathway ( Aarts et al. 1995 , Jenks et al. 1995 . As shown in Fig. 6 , expression of WAX2 and CER1 was also decreased markedly in AtPEX10i. Overall, the results indicated that the expression of all the cuticular wax biosynthesis genes we examined ( CER4 , WAX2 , CER1 and SHN1 ) was down-regulated in response to the reduction of PEX10 gene expression. As described below, CER4 , WAX2 and CER1 encode proteins that reside on the ER. However, it should be noted that a typical ER-resident protein, BiP, was up-regulated in AtPEX10i indicating that not all genes encoding proteins that reside on the ER were down-regulated in AtPEX10i plants (data not shown).
ER in cells of AtPEX10i showed aberrant morphology
The de novo biosynthesis of cuticular wax is thought to occur on the ER membrane Samuels 2003 , Samuels et al. 2008 ) . To investigate the subcellular localization of the CER4, WAX2 and CER1 enzymes, the corresponding cDNA fragments were fused with tdTomato cDNA. The artifi cial chimeric genes were designated as tdTomato-CER4, tdTomato-WAX2 and tdTomato-CER1. They were then introduced into the leaves of two transgenic plants, AtGFP-HDEL ( Fig. 7 ) and AtPEX10i ( Fig. 8 ) , by particle gun bombardment. AtGFP-HDEL is a transgenic plant expressing the ER-resident GFP fusion protein, GFP-HDEL. Construction of AtGFP-HDEL was described elsewhere ( Mitsuhashi et al. 2000 ) . In AtGFP-HDEL cells, the typical network structure of the ER could be visualized by green fl uorescence derived from the GFP fusion protein, GFP-HDEL ( Fig. 7A, D, G ) . When tdTomato-CER4, tdTomato-WAX2 and tdTomato-CER1 were introduced into leaf cells of AtGFP-HDEL, red fl uorescence derived from all of the tdTomato fusion proteins was detected in the ER network structure ( Fig. 7B, E, H ) . Indeed, the red fl uorescence co-localized with green fl uorescence ( Fig. 7C, F, I ). This result indicates that CER4, WAX2 and CER1 are localized on the ER in control plants.
By contrast, when tdTomato-CER4, tdTomato-WAX2 and tdTomato-CER1 were introduced into cells of AtPEX10i, no network structure was detected ( Fig. 8 ) . As described earlier, AtPEX10i leaves had pale green sectors that showed cytosolic mislocalization of GFP-PTS1 due to the inhibition of peroxisomal protein import ( Fig. 1A, B, D, G ) . Co-localization of the red and green fl uorescence ( Fig. 8C,  F, I ) indicated that CER4, WAX2 and CER1 were mislocalized in the cytosol of AtPEX10i plants.
To investigate whether the mislocalization of CER4, WAX2 and CER1 was caused by a defect in the ER, we introduced tdTomato-HDEL into AtPEX10i and a transgenic plant, AtGFP-PTS1, which overexpressed GFP-PTS1, by particle bombardment ( Fig. 9 ). In cells of AtGFP-PTS1 plants, tdTomato-HDEL was exclusively found in the ER network, while GFP-PTS1 was found in peroxisomes ( Fig. 9A-C ) . In cells of AtPEX10i plants, however, tdTomato-HDEL labeled entirely different cellular components from the ER network ( Fig. 9E ) . The red fl uorescence derived from tdTomato-HDEL did not completely coincide with GFP-PTS1 fl uorescence, which mislocalized to the cytosol of AtPEX10i plants ( Fig. 9D, F ). Higher magnifi cation of the components labeled with tdTomato-HDEL revealed that tdTomato-HDEL was localized on unknown vesicles (arrows in Fig. 9H, I ). It should be noted that ER membrane proteins such as CER4/CER1/WAX2 are mislocalized in the cytosol, but ER lumen proteins such as tdTomato-HDEL are found in unknown vesicles in AtPEX10i. Electron microscopic analysis showed that parts of the ER often swelled to form bulging vesicles in leaf cells of AtPEX10i plants (arrowheads in Fig. 9K ). No similar structures were found in the ER of AtGFP-PTS1 plants (arrowhead in Fig. 9J ). It is probable that the bulging vesicles observed in the electron microscopy analysis is related to the unknown vesicles visualized by td-Tomato-HDEL in AtPEX10i. Overall, these results show that the characteristic phenotypes of AtPEX10i, such as the fused organs, were caused by the reduction of cuticular wax via ER vesiculation and down-regulation of the genes involved in wax biosynthesis. 
Discussion
AtPEX10i has features in common with PEX2 and PEX12 knock-down mutants
We observed that AtPEX10i plants were smaller than control plants and had variegated leaves with pale green sectors ( Fig. 1A , groups 1-3) . Cells in the pale green sectors demonstrated impaired peroxisomal matrix protein transport ( Fig. 1B, C ) , and fewer cholorplasts with undeveloped thylakoid membranes (data not shown). Development of the stamen was very slow, and the different rates of growth of the pistil and stamens prevented pollination. This seems to be one reason why AtPEX10i plants produced only a small number of viable seeds. Jasmonic acid is synthesized in the peroxisomes and plays essential roles in the development of the stamen ( Wasternack 2007 ) . It is likely that the stamens of AtPEX10i plants could not develop properly because of the defect in jasmonic acid biosynthesis due to the limited function of the impaired peroxisomes. Plants transformed with both the PEX2 antisense construct and with the PEX12 RNA interference construct are reported to have defective peroxisomal protein transport, to be smaller than control plants and to have sterile, pale green phenotypes ( Hu et al. 2002 , Fan et al. 2005 . Based on these reports and our results presented in this paper, PEX10, PEX2 and PEX12 proteins have a common physiological function, and the disruption of this function is responsible for the common phenotype seen in the corresponding knock-down plants.
The reduction of cuticular wax in AtPex10i plants is attributed to the suppression of genes encoding enzymes involved in cuticular wax biosynthesis
The formation of fused buds was a unique phenotype found only in AtPEX10i plants ( Fig. 2B ) , and this phenotype has not been described in PEX2 and PEX12 knock-down mutants. The fusion of fl oral organs was characteristically observed in cuticular wax-defi cient mutants ( Lolle et al. 1992 , Chen et al. 2003 , Krolikowski et al. 2003 , Kurata et al. 2003 . In fact, toluidine blue staining and SEM analysis showed that the stems and leaves of AtPEX10i plants had reduced amounts of cuticular wax ( Figs. 3 , 4 ) . Analysis of cuticular wax components revealed that C29 alkane was the most abundant component of the cuticular wax in wild-type Arabidopsis, and that its amount was signifi cantly reduced in AtPEX10i plants ( Fig. 5 ) . It has been known that C29 alkane is synthesized from C30 fatty acid through one of two intermediates, C30 primary alcohol and C30 aldehyde. We found that C30 fatty acid was increased, while C30 primary alcohol and C30 aldehyde were reduced in AtPEX10i plants ( Fig. 5 ) . The results suggested that AtPEX10i had defects in producing C30 primary alcohol and C30 aldehyde.
Primary alcohol is produced from fatty acid by the acylreduction pathway that is catalyzed by an alcohol-forming fatty acyl-CoA reductase ( Kolattukudy 1971 ) . The stems of Arabidopsis cer4 mutants almost completely lack primary alcohols ( McNevin et al. 1993 , Jenks et al. 1995 .
CER4 was recently identifi ed as the alcohol-forming fatty acyl-CoA reductase ( Rowland et al. 2006 ) . In contrast, aldehyde is synthesized from fatty acid by the decarbonylation pathway, in which both CER1 and WAX2 are believed to have roles ( Chen et al. 2003 , Kurata et al. 2003 . CER1 was proposed to encode a decarbonylase, because the total amount of alkane, secondary alcohol and ketone are reduced in the cer1 mutant ( Aarts et al. 1995 ) . The wax2 mutation primarily blocks the synthesis of aldehydes and their metabolites, suggesting that WAX2 may function in acyl-CoA reduction ( Chen et al. 2003 ) . In agreement with these results, expression of CER4 , CER1 and WAX2 were down-regulated in AtPEX10i plants ( Supplementary Table 1 , Supplementary Table 2 ,  Fig. 6 ). We also found that expression of SHN1 was reduced in this plant. SHN1 encodes a transcription factor that activates wax biosynthesis ( Aharoni et al. 2004 , Broun et al. 2004 , Kannangara et al. 2007 . SHN1 has been known to regulate the expression of CER1 , KCS1 and CER2 , which are known to be involved in wax biosynthesis ( Broun et al. 2004 ). Our results indicate that the reduction of cuticular wax in AtPEX10i plants is attributable to the suppression of genes involved in cuticular wax biosynthesis. 
AtPEX10i plants had impaired ER
Recent studies provided evidence that the ER is the origin of peroxisomal membranes during the de novo biogenesis of peroxisomes ( Hoepfner et al. 2005 , van der Zand et al. 2006 . In yeast, de novo biogenesis of peroxisomes has been suggested to be initiated by targeting of PEX3 to the ER. Peroxisomes were then proposed to be produced by the budding of preperoxisomes from the ER. PEX3 in the membrane, together with cytosolic PEX19, recruits other peroxisomal membrane proteins and promotes maturation of peroxisomes ( Fujiki et al. 2006 ) . Maturation of peroxisomes also involves the import of a large number of peroxisomal proteins from the cytosol into peroxisomes.
PEX10 is one of the peroxisomal membrane proteins that regulate peroxisomal matrix protein transport. Indeed, AtPEX10i showed impaired peroxisomal protein transport. Although some peroxisomal membrane proteins were reported to be transported to mature peroxisomes via the ER membrane ( Heiland and Erdmann 2005 , Platta and Erdmann 2007 ) , Sparkes et al. (2005) demonstrated that PEX2 and PEX10 are inserted into peroxisomal membranes directly from the cytosol. Thus, there is no direct evidence that PEX10 performs a function in the ER. Nevertheless, we found that the ER of AtPEX10i plants had an aberrant morphology ( Fig. 9 ) . In other words, reduced expression of the PEX10 gene altered the morphology of the ER. It has been reported that vesicle-mediated retrograde transport occurs from peroxisomes to the ER in mammalian, yeast and plant cells ( Lay et al. 2006 , Titorenko and Mullen 2006 ) . Upon infection of tobacco Bright Yellow-2 cells with tomato bushy stunt virus (TBSV), TBSV replication protein p33 is sorted initially from the cytosol to peroxisomes, and then to the ER, via peroxisome-derived vesicles ( McCartney et al. 2005 ) . This process may depend on the ADP-ribosylation factor (ARF) 1, which promotes the formation of COPI-coated vesicles that are similar to the vesicles that mediate Golgi-to-ER retrograde transport ( Lee et al. 2004 , McCartney et al. 2005 . It is possible that the aberrant organization of the ER in cells of AtPEX10i plants was caused by defects in the transport of one of these vesicles. Many enzymes involved in the synthesis of cuticular wax were thought to be localized in the ER. However, enzymes involved in cuticular wax biosynthesis, such as CER4, CER1 and WAX2, were no longer targeted to the disordered ER in AtPEX10i cells. This may explain why AtPEX10i could not produce cuticular wax.
Materials and Methods
Plant materials
Construction of transgenic plants AtGFP-PTS1 and AtGFP-HDEL, expressing GFP-PTS1 and GFP-HEDL, respectively, was described previously ( Mano et al. 1999 , Mitsuhashi et al. 2000 . AtPEX10i plants were produced by retransformation of the Ti plasmid, engineered to suppress PEX10 gene expression by double strand RNA interference, into AtGFP-PTS1 plants, as described previously ( Nito et al. 2007 ).
Plant growth conditions
Seeds were sterilized in 2 % NaClO and 0.02 % Triton X-100, and were grown on germination medium [2.3 mg/ml Murashige and Skoog salts (Wako, Osaka, Japan), containing 1 % sucrose, 100 µg/ml myo-inositol, 1 µg/ml thiamine-HCl, 0.5 µg/ml pyridoxine, 0.5 µg/ml nicotinic acid, 0.5 mg/ml MES-KOH pH 5.7 and 0.2 % INA agar (Ina shokuhin, Nagano, Japan)] in ambient air under a 16-h light/8-h dark cycle at 22 ° C. Fifteen-day-old seedlings on the medium were transferred to a 1:1 mixture of perlite and vermiculite, and grown under a 16-h light/8-h dark cycle at 22 ° C.
Quantitative RT-PCR
Total RNA was extracted from 14-day-old leaves using an RNeasy Plant Mini Kit (Qiagen, Tokyo, Japan), and reversetranscribed using the Superscript First Strand Synthesis System (Invitrogen Corp., Carlsbad, CA, USA), according to protocols provided by the manufacturers. PCR amplifi cation of the cDNA was performed with a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster city, CA, USA) using Fast SYBR ® Green Master Mix (Applied Biosystems) for CER4, WAX2, CER1 and SHN1, and TaqMan ® Gene Expression Master Mix (Applied Biosystems) for PEX10, according to the manufacturer's protocol. The relative quantity of target mRNA was calculated using actin8 as a standard. Primer sets used for these PCRs were as follows: CER4, CAGCTTACGT GTGCGGAGAA and TCACCCATACGGTACGGTGTT; WAX2, CAGCTTGGCCTTGGGAAA and CAGCTAATGGAGCGTA GAGAAGATAC; CER1, CAGGAGTCCTCACCGATTGG and GCCCATGGTGCTATTACGATGT; SHN1, GCAAGCTCCTC CCAAGAGACT and CAACTTCAGTGGTCGGAGCAA; and Actin8, GCTGGATTCGCTGGAGATGA and CATGATGTCT AGGTCGACCAACA.
Scanning electron microscopy
To examine cuticular wax structure, stems were harvested from 5-week-old plants. Fresh stems were mounted on a cooling stage and examined with a PHILIPS XL30 (on ESEM mode) scanning electron microscope.
Toluidine blue staining
To examine defects in cuticular wax, plants were grown on a 0.05 % gellan gum plate containing 2.3 mg/ml Murashige and Skoog salts with 1 % sucrose, 100 µg/ml myo-inositol, 1 µg/ml thiamine-HCl, 0.5 µg/ml pyridoxine, 0.5 µg/ml nicotinic acid and 0.5 mg/ml MES-KOH pH 5.7 for 14 days at 22 ° C. Plants were harvested and soaked in 0.05 % toluidine blue for 2 min, and then washed twice with distilled water, as described by Tanaka et al. (2004) .
Chemical analysis of wax components
To extract cuticular wax, fl oral buds were harvested and placed into vials. Hexane-soluble surface waxes were extracted as described by Jenks et al. (1995) . Nonadecanoic acid (Fluka) was added to the extracts as an internal standard. The extracts were then evaporated to dryness. The dried samples were derivatized with N , O -bis (trimethylsilyl) trifl uoroacetamide and 1 % trimethylchlorosilane (Sigma) for 30 min at 80 ° C. The GC (Shimazu GC-14APF SC) and GC-MS (JEOL DX-300) analyses of the derivatized samples were performed under the following conditions. Samples were injected onto the capillary column [DB-1, 30 m × 0.25 mm, 025 µm (J and W Scientifi c)] at 170 ° C, and held at 170 ° C for 2 min. The temperature was then increased by 2 ° C/min to 265 ° C, by 4 ° C/min to 310 ° C, and then held at 310 ° C for 20 min. The fl ow rate of He carrier gas was 2 kg/ cm 2 . Quantitative determination of wax components was performed with an identical GC system equipped with a fl ame-ionization detector.
Transient expression of tdTomato-CER4, tdTomato-WAX2 and tdTomato-CER1 fusion proteins using particle bombardment CER4, WAX2, CER1 and PEX10 cDNA were amplifi ed using each gene-specifi c primer set (CER4, AAAAAGCAG GCTACATGATCCACCAAGTT and AGGAAGCTGGGTGT TAGAAGACATACTTA; WAX2, AAAAAGCAGGCTGAAT GGTTGCTTTTTTA and AGAAAGCTGGGTCTCAATTTGT GAGTGAA; and CER1, AAAAAGCAGGCTTAATGGCCA CAAAACCA and AGAAAGCTGGGTTTTAATGATGTGG AAGG) by RT-PCR. The amplifi ed fragments were cloned into a vector, pDONR221, and then transferred to the transient expression vector, pUTdGW, which contains the tdTomato gene (kindly provided by Dr Nakagawa, Shimane University), using Gateway technology, according to a protocol provided by the manufacturer (Invitrogen Corp.). The gold particles (1.0 µm) coated with these DNAs were bombarded into 14-day-old leaves at a helium pressure of 200 psi using the Helios Gene Gun (Bio-Rad, Tokyo, Japan) according to the manufacturer's instructions. After bombardment, leaves were incubated for 16-24 h at 22 ° C. Fluorescence within the cells was observed using a LSM510 confocal laser scanning microscope (Carl Zeiss, Jena, Germany).
Electron microscopy
Fourteen-day-old leaves were harvested and placed in fi xative solution that consisted of 4 % (w/v) paraformaldehyde, 1 % (w/v) glutaraldehyde and 0.06 M sucrose in 0.05 M cacodylate buffer (pH 7.4). Ultrathin sectioning and electron microscopy were performed as described previously ( Kamigaki et al. 2003 ) .
DNA microarray analysis
Total RNA was isolated from the leaves of 14-day-old control and AtPEX10i plants using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). RNA quality was checked with a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Microarray analysis was performed following the manufacturer's instructions (Agilent Technologies) and as previously described by Yamada et al. (2007) .
Supplementary data
Supplementary data are available at PCP online. 
